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A B S T R A C T
Cell abundances and distributions of Alexandrium catenella resting cysts in recent sediments were
studied along time at two locations in the Chilean Inland Sea exposed to different oceanographic
conditions: Low Bay, which is much more open to the ocean than the more interior and protected
Ovalada Island. The bloom began in interior areas but maximum cyst concentrations were recorded in
locations more open to the ocean, at the end of the Moraleda channel. Our results showed a time lapse of
around 3 months from the bloom peak (planktonic population) until the number of resting cysts in the
sediments reached a maximum. Three months later, less than 10% of the A. catenella cysts remained in
the sediments. Maximum cyst numbers in the water column occurred one month after the planktonic
peak, when no cells were present. The dinoﬂagellate assemblage at both study sites was dominated by
heterotrophic cysts, except during the A. catenella bloom. CCA analyses of species composition and
environmental factors indicated that the frequency of A. catenella blooms was associated with low
temperatures, but not with salinity, chlorophyll a concentration, and predator presence (measured as
clam biomass). However, resting cyst distribution was only related to cell abundance and location. The
occurrence of A. catenella cysts was also associated with that of cysts from the toxic species Protoceratium
reticulatum. By shedding light on the ecological requirements of A. catenella blooms, our observations
support the relevance of encystment as a mechanism of bloom termination and show a very fast
depletion of cysts from the sediments (<3 months), which suggest a small role for resting cyst deposits in
the recurrence of A. catenella blooms in this area.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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jo u rn al h om epag e: ww w.els evier .c o m/lo cat e/ha l1. Introduction
Dinoﬂagellates are best known as the source of dense and often
toxic blooms, with species belonging to the genus Alexandrium
causing serious episodes of paralytic shellﬁsh poisoning (PSP). In
South America, PSP has been recognized as an important public
health risk for over a century (Hallegraeff, 1993; Balech, 1995;
Lagos, 2003).* Corresponding author at: Programa de Investigacio´n Pesquera & Instituto de
Acuicultura, Universidad Austral de Chile, Los Pinos s/n, Balneario Pelluco, Puerto
Montt, Chile. Tel.: +56 65 277126; fax: +56 65 255583.
E-mail address: patriciodiaz@uach.cl (P.A. Dı´az).
http://dx.doi.org/10.1016/j.hal.2014.10.001
1568-9883/ 2014 The Authors. Published by Elsevier B.V. This is an open access articl
3.0/).The sexual life cycle of Alexandrium species includes a dormant
benthic stage (resting cyst). A role for benthic cysts has been cited
in species dispersion, resistance to unfavorable conditions,
population resilience through sexual recombination, and bloom
onset and termination (Anderson et al., 1982; Anderson, 1984;
Garce´s et al., 1999; McGillicuddy et al., 2003). Moreover, given that
the toxicity of resting cysts can be higher than that of vegetative
cells, resting cyst formation must be taken into account when
analyzing the possible effects of a bloom on human health (Dale
et al., 1978; Lirdwitayaprasit et al., 1990; Oshima et al., 1992). The
roles played by resting cysts in the life cycle and ecology of
dinoﬂagellate species can be very different depending on the
species. For example, the life cycles and encystment strategies
of Alexandrium species are both complex and species-speciﬁce under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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the study of dinoﬂagellate ecology is to reconsider previous
general assumptions, by speciﬁcally investigating each species.
Exogenous (environmental) factors mainly affect the timing
and success of germination whereas endogenous (physiological)
factors regulate the germination of resting cysts and determine
whether this stage is involved in the short- or long-term survival of
the species or serves as a bloom maintenance mechanism (see for
e.g. the review by Bravo and Figueroa, 2014, and references
therein). Local hydrographic and environmental factors greatly
affect the strength and timing of sexual induction, and therefore
the success of encystment and germination, while hydrodynamic
processes determine the location of cyst deposits (Anderson et al.,
2005; Keafer et al., 2005; McGillicuddy et al., 2005; He et al., 2008).
Sexual events are known to depend on nutrient levels (e.g.
Anderson, 1998; Ellegaard et al., 1998; Figueroa et al., 2005) and
the photoperiod (Nuzzo and Montresor, 1999; Sgrosso et al., 2001),
but also on the mating system of the species (Kremp, 2013) and the
genetic composition of the bloom (Dia et al., 2014). Within the
genus Alexandrium, the dormancy requirements of Alexandrium
tamarense cysts differ between deep water and shallow coastal
environments (Anderson and Keafer, 1987; Matrai et al., 2005). In
Alexandrium catenella, dormancy periods are highly variable,
ranging from 28 to 97 days (Yoshimatsu, 1984; Hallegraeff
et al., 1998). In Mediterranean populations of this species, they
are characterized by a gradual rather than a synchronous pattern of
germination (Figueroa et al., 2006) that allows for rapid cycling
between benthic and planktonic stages (Hallegraeff et al., 1998).
Alexandrium catenella (Dale, 1983) is also an important causative
agent of PSP in southern Chile, where it was found for the ﬁrst time in
1972, in the Magallanes region (Guzma´n et al., 1975). Since this
report, the intensity and expansion of A. catenella outbreaks in Chile
have increased (Guzma´n et al., 2002; Molinet et al., 2003), with
detrimental effects on human health and severely limiting
economically important aquaculture activity in the region, which
is based on shellﬁsh production (Campodo´nico et al., 1995). TheFig. 1. (A) Study area in southern Chile (gray rectangle). (B) The map shows a section of th
12 sampling stations of Low Bay. (D) The six sampling stations at Ovalada Island.most recent A. catenella bloom, at the end of the austral summer
(February–March) of 2009, was one of the most signiﬁcant with
respect to geographic extent and cell density, which in the Ayse´n
region reached up to 1.1  106 cells L1 in late March. Sadly, this
bloom was directly responsible for the death of two people.
In the present work, to gain further insights into bloom
formation by this species and the role of its resting cysts on bloom
recurrence, we monitored the abundance and distribution of cells
and its resting cysts in both the water column and the surface
sediments of two different locations in the Chilean Inland Sea: Low
Bay, which is open to the ocean, and Ovalada Island, a more interior
and protected area. Our results clarify bloom dynamics and add
support to the role of encystment as a mechanism of Alexandrium
catenella bloom termination. In addition, we discuss on the
relevance of resting cysts deposits for the recurrence of blooms
in the area, as no long-term cysts beds were found.
2. Material and methods
2.1. Study area
Low Bay (4384903900 S–7385704000 W) and Ovalada Island
(4480400800 S–7384203200 W) are located in the NW portion of the
Chilean Inland Sea (Fig. 1). Both sites are characterized by the
presence of large natural beds of clams (Venus antiqua), with a total
biomass estimate of 1300 and 10,000 tons, respectively (Seguel
et al., 2011a). Low Bay (Fig. 1C) is much more open to the ocean
than the more interiorly located and protected Ovalada Island
(Fig. 1D). In general, this system is characterized by an abrupt
bathymetry and a complex coastal morphology, both locations
strongly shaped by the oceanic water (Pickard, 1971). The salinity
gradient in the upper 50 m ranges between 27 and 33 psu and is
mainly inﬂuenced by the intense seasonal rainfall, which in this
region averages about 3000 mm per year (Pickard, 1971; Silva
et al., 1995). Semidiurnal tides have amplitudes ranging from 2 m
(neap tides) to 4 m (spring tides) (www.shoa.cl).e Chilean Inland Sea, including the location of Low Bay and Ovalada Island. (C) The
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Between March 2009 and March 2011, surface sediment
samples were collected at 12 stations in Low Bay (Fig. 1C) and at
six stations of Ovalada Island (Fig. 1D). At each station, two
sediment samples were obtained fortnightly from March to
August and monthly from September to December. The 414 sam-
ples were collected by an autonomous diver using an 8-cm-long
corer. The samples were wrapped in aluminum foil and
transported to the laboratory. Simultaneously, two water
samples for quantitative analyses of potentially harmful micro-
algae and chlorophyll (chl) a measurements were collected close
to the sea bottom at each station using a 2.5-L bottle. For
quantitative analyses the contents were concentrated through
10-mm Nitex ﬁlters (PVC cylindrical collector) and ﬁxed with
acidic Lugol’s iodine solution for later counting of phytoplankton.
The ﬁnal volume of the concentrate, about 50 mL, was measured
to calculate the conversion factor (approximately 50). For Chl a
and phaeopigments, 200 mL seawater were ﬁltered on Whatman
GF/F glass ﬁber ﬁlters in triplicate and immediately frozen
(20 8C) until later analysis by ﬂuorometry, using acetone (90%,
v/v) for the pigment extraction (Turner Design TD-700) according
to standard procedures (Parsons et al., 1984). Temperature,
salinity and depth were recorded at each station using a Star-Oddi
DST data loggers.
To evaluate the effects of predation on seed bank cysts, the
presence of three species of clams (Venus antiqua, Semele solida,
and Tawera gayi) was recorded. Both the density and the biomass
of the clams were recorded at each sampling station using six
0.25-m2 quadrates.
Monthly reports of phytoplankton distribution in the Aysen
region (southern Chile) from December 2008 to May 2009 were
obtained from the Chilean Monitoring Program at the Instituto de
Fomento Pesquero (IFOP) (Guzma´n et al., 2010). Plankton samples
for quantitative analyses were collected using a dividible hose
sampler (Lindahl, 1986) from 0 to 20 m (0–10, 10–20 m), and
immediately ﬁxed on board with acidic Lugol’s iodine solution
(Lovegrove, 1960).
2.3. Cysts and cells counting
The ﬁrst 3 cm of the cores were transferred to 80-mL ﬂasks and
stored at 4 8C until analyzed. The sediments were cleaned and
sonicated following the technique described by Matsuoka and
Fukuyo (2000). Dinoﬂagellate cysts were quantiﬁed using an
Olympus BX40 phase-contrast microscope and a 1-mL Sedgewick-
Rafter counting chamber. Three aliquots of each sample were
counted. The examined cysts were isolated and photographed
using a digital camera Olympus Camedia C-3040-ADU coupled to
the microscope (100 magniﬁcation).
Quantitative phytoplankton analyses were carried out accord-
ing to the Uthermo¨hl method (Uthermo¨hl, 1958). Samples were
sedimented for 12 h in 10-mL columns and then counted at 100
magniﬁcation using an inverted light microscope and phase-
contrast optics.
2.4. Drifter experiments
Surface drifter experiments were carried out in Ovalada
Island and Low Bay, on January 30 and April 5, 2010 res-
pectively, in order to obtain direct measurements of the
surface circulation in the area. Progressions of surface drifter
trajectories were registered with GPS data-logger every 2 min
during a 12-h. Drifter trajectories and surface velocities
observed in both areas can be found in the supplementary
data (S1–S4).2.5. Statistical analysis
A two-way hierarchical clustering analysis (HCA) was used to
classify the sampling stations with respect to their dinoﬂagellate
cyst assemblages. The HCA was performed on a Euclidean matrix of
distances (Legendre and Legendre, 1998) using Ward’s linkage
clustering method (Ward, 1963). To normalize the distribution and
eliminate zero values, the data were ﬁrst transformed [LN(x + 1)].
To validate the clusters, the silhouette index (Rousseeuw, 1987)
was applied:
sðiÞ bðiÞ  aðiÞ
maxfaðiÞ; bðiÞg
where a(i) is the average dissimilarity of the i-object to all other
objects in the same cluster and b(i) is the minimum average
dissimilarity of the i-object to all objects in another cluster (the
closest cluster). The silhouette index provides a quantitative and
graphical approach to determine the optimal number of clusters. A
quantitative measure s(i), known as the ‘‘width silhouette,’’ is
assigned to each object of the cluster. The width silhouette varies
as 1  s(i)  1 and indicates the correspondence of one object i
with the cluster to which it was assigned. An s(i) value close to
1 indicates that the object i is well classiﬁed. An s(i) value near
0 indicates an ‘‘intermediate case’’ in which it is not clear whether
the object has been well classiﬁed. When s(i) is close to 1, the
object has been misclassiﬁed (Rousseeuw, 1987).
Canonical correspondence analysis (CCA) was used to evaluate
the structure of the dinoﬂagellate cysts assemblage during the
survey and its relationship with environmental variables (temper-
ature, salinity, Chl a, pheopigments, and clam biomass). The data
were ﬁrst normalized using a logarithmic transformation
[LN(x + 1)] and then organized in a biological matrix that included
the abundances of the 28 taxa to which the dinoﬂagellates cysts
had been assigned and one explanatory matrix that included the
ﬁve environmental variables recorded. A Monte Carlo test was then
applied in which 499 permutations were considered in order to
determine the signiﬁcance of both matrices and the canonical axes.
A generalized linear mixed model (GLMM) with logit-link
function for negative binomial distribution (McCullagh and Nelder,
1989), was implemented to identify the inﬂuence of different
environmental factors on Alexandrium catenella cysts abundance,
using as predictor’s variable (ﬁxed terms): A. catenella cell densities,
sector, chlorophyll a, salinity, temperature and clams density.
Previously, A. catenella cell densities were scaled (mean/standard
deviation). Sampling date (months) was used as a random variable
(random term). Interaction terms were not used because they can
obscure the effects of the individual predictor variables (Gotelli and
Ellison, 2004). GLMM is an extension of the generalized linear model
(GLM), which provides a more ﬂexible approach for analyzing non-
normal data when random effects are present (Bolker et al., 2008).
The signiﬁcance of each explanatory variable was determined using
a x2 test (Venables and Ripley, 1998).
The analyses were performed using the statistical and
programming software R 2.1.12 (R Development Core Team,
2012), packages ‘‘ggplot2’’, ‘‘nlme’’ and ‘‘cluster’’, available through
the CRAN repository (www.r-project.org/).
3. Results
3.1. Alexandrium catenella bloom
A global view of bloom evolution in the two study sites is
provided in Fig. 2, which shows the concentration of Alexandrium
catenella cells in the water column during the bloom. The bloom
started in central areas of the Moraleda channel in December 2008
Fig. 2. Spatial and temporal distributions of Alexandrium catenella cell density (cells L1) recorded in a monthly monitoring program carried out in the Aysen region (southern
Chile) from December 2009 to May 2010.
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February but after the bloom spread to the northern, outer areas of
the channel the highest densities were recorded in its western
portion, in March 2009. The spatial variability was characterized by
a pattern of higher abundances toward the southern part of Ovalada
Island but with maximum abundances toward the middle of Low
Bay. A time course of the average concentrations of planktonic cells,
comparing the average concentration of cysts in the water column
and in the sediments, is shown in Fig. 3. The highest number of cysts
in the water column and in the sediments was reached one month
and two months, respectively, after the maximum of planktonic
cells (on March 18, 2009). Note that this maximum of A. catenella
cells (6800 cells L1) is much lower than the values reported in Fig. 2
(1.1  106 cells L1), which is based on monthly data. Up to
30 cysts L1 were recorded in the water column on April 23,
2009, i.e., one month after cell numbers had reached a maximum by
which time they were no longer signiﬁcant. The maximum
concentration of cysts in the sediments (128 cysts mL1) was
recorded on June 5, 2009. The cyst concentration in the water
followed a pattern similar to that in the sediments (Fig. 3), with
peaks that dissipated after 40 days.
3.2. Cyst abundance, diversity, and distribution
A list of dinoﬂagellate cysts from autotrophic and heterotrophic
species, including the maximum cyst concentration in each studiedlocation, is shown in Table 1. The diversity of the cyst types
corresponded to eight different genera. The maximum cyst
concentration was reached at both sites, Low Bay and Ovalada
Island, during the bloom of Alexandrium catenella, with values of
128 cysts mL1 and 51 cysts mL1, respectively. A similar maximal
distribution was recorded for ‘‘round brown cysts,’’ with 76 and
11 cysts mL1, respectively. The next most relevant cyst maximum
was that of Protoceratium reticulatum but in contrast to A. catenella,
a higher number of cysts were detected at Ovalada Island
(50 cysts mL1) than at Low Bay (8 cysts mL1). The third most
abundant species was Diplopelta parva, with very similar cyst
concentrations at the two sites (20 and 29 cysts mL1 in Low Bay
and Ovalada Island, respectively). For the remaining species, fewer
than 10 cysts mL1 were recorded, the exception being Protoper-
idinium avellanum. In addition, ours is the ﬁrst study to document
cysts of Protoperidinium leonis in the sediments of inshore seas of
southern Chile (Fig. 4).
Each dinoﬂagellate species differed not only in the maximum
cyst concentration reached but also in its average abundance
throughout the sampling period (Fig. 5). At Ovalada Island,
Alexandrium catenella cyst concentrations reached a lower maxi-
mum value but the subsequent decrease was less dramatic than at
Low Bay. The concentration of Protoceratium reticulatum cysts
peaked twice (maximums around 40 cysts mL1) at Ovalada Island
but was always below 10 cysts mL1 at Low Bay. For the other
species, the distribution was quite similar between sites, except in
Fig. 3. Mean concentrations of: (a) the cell density of A. catenella in the water column, (b) dinoﬂagellate cyst abundance in the water column, (c) dinoﬂagellate cyst abundance
in sediments of the two study areas, determined from April 2009 to April 2011.
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recorded at the end of the sampling period at Low Bay but during
early sampling at Ovalada Island. Cysts of Protoceratium reticula-
tum, Diplopelta parva, and Protoperidinium spp. (‘‘round brown’’)
were the most frequent and abundant during the sampling period
at both sites, although the average values were higher at Ovalada
Island. Cysts of the Gonyaulax spinifera complex appeared at low
abundances and at Low Bay in only one sample, vs. three at Ovalada
Island. Unidentiﬁed cysts were generally below 2% of the total cyst
assemblage.
The relative contribution of autotrophic and heterotrophic
cysts to the dinoﬂagellate cyst pool at each studied site is shown
in Figs. 6 and 7. In Low Bay (Fig. 6), the bloom of autotrophic
(Alexandrium catenella) species occurred between June and
August 2009, after which the pool of the dinoﬂagellate cysts
was dominated by heterotrophic species. The total concentration
of resting cysts fell below 50 cysts mL1 from September 2009 to
March 2010. During April 2010, it climbed to 100 cysts mL1, with
the samples almost exclusively composed of heterotrophic
species. Fewer than 10 cysts mL1 were recorded in July 2010,but the concentration increased again in December 2010,
reaching peaks in middle areas of Low Bay during January and
March 2011. At Ovalada Island (Fig. 7), autotrophic species
comprised most of the dinoﬂagellate assemblage throughout the
sampling period (March 2009 to March 2010). Peaks in the
concentrations of autotrophic species from July to October at Low
Bay were coincident with those at Ovalada Island, even though
the bloom at Low Bay was of a longer duration. Another peak in
total cyst concentration was determined in January 2010, when
autotrophic species accounted for a high percentage of the
dinoﬂagellate assemblage at Low Bay; however, it was not
possible to compare this time point to corresponding data from
Ovalada Island (missing sample). During March 2010, both the
total cyst concentration and the percentage of autotrophic species
were higher at Ovalada Island than at Low Bay.
The GLMM analysis showed that Alexandrium catenella cell
densities and sector contributed signiﬁcantly (p < 0.05) to explain
the variability of A. catenella cysts. But clams density, temperature,
salinity and chlorophyll a not showed signiﬁcant effects on
response variable (Table 4).
Table 1
Diversity and maximum abundance (cysts mL1) of the 28 types of dinoﬂagellate cysts recorded from April 2009 to March 2011 in Low Bay and Ovalada Island, Chile. Species
code identifying the cyst shown in Fig. 9, nutritional mode (a: autotroph; h: heterotroph), and codes deﬁned in Fig. 4 are indicated.
Dinoﬂagellates cysts Code Nutrition Maximum (cysts mL1) Fig. 4 code
Low Bay Ovalada Island
Gonyaucales
Alexandrium catenella (Wedon et Kofoid) Balech Acat a 128 51 A
Protoceratium reticulatum (Claparece et Lachmann) Bu¨tschli Pret a 8 50 B
Gonyaulax spinifera complex (Nematosphaeropsis) (Claparece et Lachmann) Nema a 1 C
Gonyaulax spinifera complex (Spiniferites mirabilis) (Claparece et Lachmann) Smir a 0.3 D
Gonyaulax spinifera complex (Spiniferites ramosus) (Claparece et Lachmann) Sram a 1 1 E
Gymndiniales
Polykrikos schwartzii Bu¨tschli Psch h 1 4 F
Polykriko sp 1. Psp1 h 1
Polykriko spp. Pospp h 5
Peridiniales
Diplopelta parva (Abe) Matsuoka Dpar h 20 29 G
Pentapharsodinium dalei Indelicato et Loeblich III Pdal h 4 1 H
Protoperidinium americanum (Gran et Braarud) Balech Pame h 5 3 I
Protoperidinium avellanum (Meunier) Balech Pave h 15 1 J
Protoperidinium leonis (Pavillard) Balech Pleo h 1 1 K, L
Protoperidinium subinerme (Paulsen) Loeblich III Psub h 1 1 M
Protoperidinium claudicans (Paulsen) Balech Pcla h 1 1 N
Protoperidinium conicoide (Gran) Balech Pcon h 3 1 O
Protoperidinium conicum (Gran) Balech Pconi h 7 1 P
Protoperidinium denticulatum (Gran & Braarud) Balech Pden h 5 2 Q
Protoperidinium excentricum (Paulsen) Balech Pexc h 3 1 R
Protoperidinium pentagonum (Gran) Balech Ppen h 3 1 S
Protoperidinium sp. Psp h 3
Protoperidinium spp. Pspp h 1 6
Scrippsiella patagonica Akselman et Keupp Spat a 2 T
Scrippsiella trochoidea (Stein) Loeblich III Stro a 1 U
Scrippsiella sp 1. Ssp1 a 1 V
Scrippsiella spp. Sspp a 5 2
Round brown cyst Rbro h 76 11 W
Unidentiﬁed cyst Ucyst 4 2 X
Table 3
Correlation coefﬁcients between ﬁve environmental variables and the ﬁrst three
canonical axes.
Variables Axis 1 Axis 2 Axis 3
Temperature 0.8254 0.3029 0.3666
Salinity 0.2505 0.4189 0.7170
Chlorophyll a 0.3497 S0.7763 0.1650
Pheopigments 0.2638 0.2026 0.0439
Clam biomass S0.5900 0.1590 0.2609
P.A. Dı´az et al. / Harmful Algae 40 (2014) 9–22143.3. Species and sites: environmental correlations
Two-way clustering analyses (HCA; Fig. 8) revealed the
relationships between the detected species and between those
species and the sampling sites. Thus, Alexandrium catenella was
shown to be strongly associated with Protoceratium reticulatum,
Diplopelta parva, Protoperidinium avellanum, and ‘‘round brown
cysts’’ but poorly associated with the other species, probably
because their occurrence was non-seasonal. Regarding the study
sites, there was a very clear the distinction between Low Bay and
Ovalada Island. The ﬁrst partition process, in three nodes, divided
the samples in three groups, which accurately segregated the
stations at Low Bay from those at Ovalada Island. The former could
be further differentiated in two groups, with stations located in
more interior areas being more similar to the stations at Ovalada
Island.
The biplot of the CCA (Fig. 9) shows the ordination of the species
and the environmental variables temperature, salinity, clamTable 2
Eigenvalues for CCA axes, species–environment correlations, and cumulative
percentage (%) variance of species data and the species–environment relationship.
Axes 1 2 3 4 Total
inertia
Eigenvalues 0.153 0.020 0.013 0.009 3.4033
Species–environment correlations 0.651 0.381 0.329 0.299
Cumulative percentage variance
Of species data 4.5 5.0 5.4 5.7
Of species–environment
relationship
76.9 86.8 93.2 97.6
Sum of all eigenvalues 3.4033
Sum of all canonical eigenvalues 0.199biomass, Chl a, and pheopigments. CCA1 (canonical coefﬁcient
1) and CCA2 (canonical coefﬁcient 2) carried most of the inertia and
explained 86.8% of the variance in the species–environment
relationship (Table 2). The environmental variables temperature
and Chl a explained most of the variance in the environmental
relationship (Table 3). The clearest association was between
Spiniferites ramosus and Spiniferites mirabilis and Chl a. ForTable 4
Statistical signiﬁcance of each explanatory variable determined using a x2 test
(Venables and Ripley, 1998), for variability of A. catenella cyst abundance in the
sediment, using a generalized linear mixed model (GLMM) with logit-link function
for negative binomial distribution. Signiﬁcant effects (p < 0.05) are showed by
asterisk.
Chi
square (x2)
Degree of
freedom
Pr(>x2)
A. catenella cell
densities (scaled)
27.4519 1 1.61E07***
Sector 17.0716 1 3.60E05***
Temperature 0.0677 1 0.7947
Chlorophyll a 0.1707 1 0.6795
Salinity 0.1421 1 0.7062
Clams density 0.947 1 0.3305
Fig. 4. Dinoﬂagellate cysts recorded in surface sediments of the study area: (A) Alexandrium catenella; (B) Protoceratium reticulatum; (C) Gonyaulax spinifera complex
(Nematosphaeropsis); (D) Gonyaulax spinifera complex (Spiniferites mirabilis); (E) Gonyaulax spinifera complex (Spiniferites ramosus); (F) Polykrikos schwartzii; (G) Diplopelta
parva; (H) Pentapharsodinium dalei; (I) Protoperidinium americanum; (J) P. avellanum; (K) P. leonis; (L) P. leonis empty cysts; (M) P. subinerme; (N) P. claudicans; (O) P. conicoide;
(P) P. conicum; (Q) P. denticulatum; (R) P. excentricum; (S) P. pentagonum; (T) Scrippsiella patagonica; (U) S. trochoidea; (V) Scrippsiella sp 1; (W) round brown cyst; (X)
unidentiﬁed cyst. Calibration bars = 10 mm.
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Fig. 5. Maximum abundance of the main dinoﬂagellate cyst taxa recorded in Low Bay from April 2009 to April 2011 and in Ovalada Island from April 2009 to March 2010. The
sampling year is indicated on the horizontal bar above.
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lower water temperature. By contrast, the frequencies of Proto-
peridinium subinerme, Protoperidinium americanum, and Protoper-
idinium denticulatum were related to high temperature as well as to
salinity and a low clam biomass. Protoperidinium pentagonum was
also related to a high Chl a concentration, whereas the Gonyaulax
spinifera complex (Nematosphaeropsis) and Polykrikos sp. were
more sensitive to higher temperatures .
4. Discussion
Most of the studies on dinoﬂagellate cysts in Southern Chile
have focused on the distributions and abundances of two toxic
species: Alexandrium catenella and Protoceratium reticulatum
(Lembeye, 2004; Seguel et al., 2005, 2010, 2011b; Seguel and
Sfeir, 2010). By choosing two different sites in the Chilean Southern
Inland Sea we were able to examine the effects of different
environmental and oceanographic conditions on resting cyst
abundance, both in the water column and surface sediments,
during and a year after a bloom of A. catenella. We discuss below
our results related to the role of resting cysts in the recurrence of A.
catenella blooms in this area.
4.1. Composition and distribution of the dinoﬂagellate cyst pool
The taxonomic composition of the dinoﬂagellate cyst assem-
blage investigated in the present work was comparable to that
reported for other neritic sites in the South Paciﬁc Ocean (Baldwin,
1987; Bolch and Hallegraeff, 1990; Sonneman and Hill, 1997).
However, the diversity of cyst types (eight genera) was higher in
our study than in other studies from Southern Chile (Seguel et al.,
2005; Alves de Souza et al., 2008; Seguel and Sfeir, 2010). The
dinoﬂagellate assemblage comprised mainly cosmopolitan species
such as Pentapharsodinium dalei, Protoperidinium americanum,
Protoperidinium claudicans, Protoperidinium conicum, and Proto-
peridinium avellanum. These species are characterized by their hightolerance of wide temperature and salinity ranges (Marret and
Zonneveld, 2003). Cysts of Protoperidinium spp. and the ‘‘round
brown’’ cysts were frequent and abundant in the samples and their
distribution at the two study sites was similar, which suggests
shared ecological requirements and that the ‘‘round brown’’ cysts
were in fact members of the Protoperidinium genus (Rochon et al.,
1999). In addition, to our knowledge, ours is the ﬁrst reported
detection of Protoperidinium leonis cysts in sediments of the
inshore seas of southern Chile. Gonyaulacales cysts, commonly
recorded in other temperate areas (Persson et al., 2000; Joyce,
2004; Orlova et al., 2004), were represented in our study by
Alexandrium catenella, Protoceratium reticulatum, and the Gonyau-
lax spinifera complex. However, cysts of spiniferites occurred at
very low abundances and those of Protoceratium reticulatum
reached important concentrations only in the more interior of the
two locations sampled (Ovalada Island). Protoceratium reticulatum
is a cosmopolitan and yesotoxin-producing species (Satake et al.,
1997) and its presence could be related to previously reported
detections of these toxins in shellﬁsh from southern Chile (Zhao
et al., 1993; Seguel and Sfeir, 2010). According to ours results, this
species co-occurred with A. catenella. The vegetative cells of
spiniferites and P. reticulatum are usually found in the inshore seas
of southern Chile only at very low abundances (<1 cell L1)
(Lembeye et al., 1997; Uribe et al., 1997; Seguel et al., 2005).
However, the abundance of P. reticulatum cysts determined in this
study was higher than that previously recorded for the fjords and
channel system in southern Chile (Seguel et al., 2005). These
observations support a heterogeneous distribution of P. reticulatum
cysts in sediments of the inshore seas of southern Chile.
Cluster analysis of the abundance and diversity of dinoﬂagellate
cyst species segregated the sampling sites into two groups that
were likely related to the proportion of autotrophic vs. heterotro-
phic cysts and the total cyst abundance at each site. The high
abundance of heterotrophic dinoﬂagellate cyst species recorded in
the present study is in agreement with previous demonstrations of
their predominance in areas with relatively high nutrient
Fig. 6. Spatial and temporal distributions of the total (cyst mL1) and relative (%) abundances of the dinoﬂagellate cyst assemblage (heterotrophic, autotrophic, and
unidentiﬁed) in Low Bay from May 2009 to March 2011.
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Verleye and Louwye, 2010). As autotrophs and heterotrophs differ
in their nutritional requirements (Harland et al., 2003), a
determination of the relative contributions of dinoﬂagellate cyst
species belonging to these two trophic groups to the total
dinoﬂagellate assemblage provides important information about
the environmental, nutritional, and physico-chemical conditions
in the water column at a given site (Dale, 1996; Devillers and de
Vernal, 2000; Godhe and McQuoid, 2003; Pospelova et al., 2004).
For example, our analyses showed that, throughout the sampling
period, heterotrophic cysts (with the exceptions of Protoceratium
reticulatum, spiniferites, Polykrikos schawartzii, and Diplopelta
parva), were more relevant in the more exterior Low Bay, although
this was also where the highest densities of Alexandrium catenellacysts were reached during the autotrophic bloom. These results
probably reﬂect both the preferences of the planktonic phase and
local circulation patterns, which moved the resting cysts to the
north, where they were mainly deposited in the widest part of the
Moraleda channel. Our data on surface circulation patterns during
a 12 h interval indicate that the sampled area is a very dynamic
region, with high current velocities (Supplementary Figures S1–
S4). We found the slower current velocities at the more open ocean
location of Low Bay (Supplementary Figures S2–S4), where the
highest densities of resting cysts were in general found as we
mentioned above. This data and the local circulation patterns
support the idea that variations in cyst abundance and distribution
are not mainly related to bloom proliferation patterns, but
indicative of the local oceanographic conditions inﬂuencing cyst
Fig. 7. Spatial and temporal distribution of the total (cyst mL1) and relative (%) abundances of the dinoﬂagellate cyst assemblage (heterotrophic, autotrophic and
unidentiﬁed) at Ovalada Island from April 2009 to March 2010.
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Moraleda channel describes a net ﬂux to the ocean at depths
between 0 and 50 m (Silva et al., 1995). Accordingly, even if cyst
transport and preservation resulted in the misinterpretation of
cyst assemblages in the uppermost core samples of our study,
lateral transport can be ruled out in the surface and subsurface
waters of the Chilean SE Paciﬁc (Verleye and Louwye, 2010).
4.2. A. catenella blooms: implications of the encystment/excystment
patterns
For benthic resting cysts, the timing and rate of their formation
and germination are major determinants of the termination and
recurrence of harmful bloom events (e.g. Anderson and Wall, 1978;Anderson, 1984; Kremp and Heiskanen, 1999; Kremp and
Anderson, 2000; Garce´s et al., 2004). Going further, they could
be important to explain also their magnitude, as the formation of
blooms cannot be explained by vegetative growth alone (McQuoid,
2005) and a large part of the winter population of vegetative cells
can come from excystment (Ishikawa and Taniguchi, 1996). The
short recurrence intervals of Alexandrium catenella blooms in
Mediterranean harbors support the hypothesis that cyst germina-
tion, and not the arrival of off-shore populations, explain the
periodicity of blooms (Bravo et al., 2008).
However, the ecological role of resting cysts likely differs
depending on the speciﬁc ecosystem and the genotypes of the
bloom-forming species present within a particular geographic
region. In the case of Mediterranean Alexandrium catenella,
Fig. 8. Upper panel: two-way cluster analysis grouping both the dinoﬂagellate cyst taxa and the sampling stations. Lower panel: cluster validation using the width silhouette.
The silhouette value ranges between 1 and 1, with large positive values indicating distinct clusters with greater intra-cluster than between-cluster similarity.
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Fig. 9. Diagram of the canonical organization resulting from the canonical
correspondence analysis (CCA) for the 28 dinoﬂagellates cyst types and ﬁve
environmental variables (temperature, salinity, chlorophyll a, pheopigments, and
clam biomass). Species codes are indicated in Table 1.
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that is followed by gradual germination within 5–65 days and
strongly inﬂuenced by nutritional factors (Figueroa et al., 2006).
However, given the high variability in the published data
concerning this species, different clades were proposed to have
either long or short dormancy requirements, providing, respec-
tively, an effective overwintering strategy or a rapid transition
between benthic and planktonic stages (Hallegraeff et al., 1998).
At least part of the described discordances between Alexan-
drium catenella studies can be ascribed to the different species
studied. A. catenella refers to what are now known to be different
species. Indeed, this name is in the process of being restricted to a
group of genetically similar strains, as phylogenetic studies of
Alexandrium have questioned many of the morphologically based
classiﬁcations of the species within this genus. Several clades
(ribotypes) that could not be assigned to Alexandrium tamarense, A.
catenella, or Alexandrium fundyense were identiﬁed and subse-
quently assigned to a ‘‘A. tamarense/catenella/fundyense species
complex’’ (Scholin et al., 1994), later renamed as groups I–V (Lilly
et al., 2007) or groups I–IId (Miranda et al., 2012; Wang et al.,
2014). Since in some cases there is a clear correlation between
clades and geographic origin, A. catenella from Chile (group I sensu
Lilly et al., 2007, A. fundyense according to Wang et al., 2014) is
probably the same species as A. catenella from Puget Sound (USA),
but different from Mediterranean A. catenella (group IV sensu Lilly
et al., 2007, A. catenella according to Wang et al., 2014) and from
Australian A. catenella (Groups IV/V, A. catenella/Alexandrium
australis according to Lilly et al., 2007 and Wang et al., 2014
respectively).
According to Horner et al. (2011), Alexandrium catenella from
the Paciﬁc coast of the USA has a mandatory dormancy period of up
to 5 months. Unlike Anderson and Keafer (1987), these authors did
not ﬁnd evidence of a synchronous biological clock restricting cyst
germination to a speciﬁc seasonal time period, as cysts from the
study site were able to germinate year round. They instead
postulated that a synchronous biological timing mechanism is a
strategy of cysts in deep-water beds that are exposed to fairly
constant conditions without variation in light and temperature,which is not the case for A. catenella cysts in shallow locations as
they occur where external environmental cues are able to reach the
bottom sediments.
The GLMM analysis showed that Alexandrium catenella cell
densities and sector contributed signiﬁcantly to explain the
variability of A. catenella cysts, suggesting that abundance of
resting cysts is a reﬂection of cyst production. However, values
post-bloom show a rapid and total depletion of resting cysts from
sediments within a short period of 3 months.
Between bloom periods, resting cysts in sediments decrease
due to germination, mortality and predation, and they may be also
resuspended to the water column and dispersed to other areas.
Therefore, Alexandrium catenella cysts in the area either are rapidly
resuspended out of the sediments, have been predated or have
germinated, therefore having a short dormancy period (<3
months). If this was the case, the dormancy period would be
around half as long as that reported for the Puget Sound strains,
which presumably belong to the same genetic clade (Horner et al.,
2011). Indeed, the resting cyst dynamics reported here at Low Bay
and Ovalada Island instead resemble those of Alexandrium
minutum (Angle`s et al., 2012). However, in contrast to A. minutum,
there was probably no overlap between excystment and encyst-
ment processes within the monitored period.
Cyst distribution is inﬂuenced by different environmental
factors. At small scales, cysts may be spatially distributed as ﬁne-
grain-size particles within the basin (Horner et al., 2011) whereas
at larger scales cyst distribution is determined by speciﬁc physical
forcing conditions, which can greatly vary. In this study we
accounted for both: on a small scale, the variability between
replicate samples was high, consistent with the patchy distribution
common to dinoﬂagellate cyst deposits (Anderson et al., 1982;
Horner et al., 2011); at a larger scale, the variability was consistent
with local environmental factors and oceanographic circulation
patterns within the studied area. Similar to the distribution of the
heterotrophic cysts in this study, Alexandrium catenella cysts in
sediments reached a maximum at Low Bay, in agreement with the
vertical circulation model proposed for the Moraleda channel
(Silva et al., 1995). The maximum concentration of A. catenella
cysts in the Low Bay (128 cysts mL1), as determined in our study,
is among the highest reported in Chile, second only to that reported
by Seguel and Sfeir (2003) in Tictoc Bay (221.3 cysts mL1) and
about the same as the value reported by Ferna´ndez et al. (2005) in
Yenecura (127 cysts mL1). However, these concentrations are
much lower than the 8000 cysts mL1 and 4500 cysts mL1
determined by Yamaguchi et al. (2002) in their study of the bays
of Tokuyana and Hiroshima (Japan).
The causes underlying the distribution and timing of Alexan-
drium catenella blooms are poorly understood, but speciﬁc
environmental cues such as temperature are known to be involved
(Horner et al., 2011). We found a weak association between A.
catenella and lower water temperatures, but not with any other of
the variables studied, probably reﬂecting the lack of a seasonal
frequency of bloom formation, and therefore of clear environmen-
tal correlations This conclusion is supported by the fact that the
inﬂuence of temperature is not observed in the distribution of A.
catenella resting, which showed only association to cell abundance
and location. However, the seasonal distribution of heterotrophic
species allowed ﬁnding more clear correlations between environ-
mental variables and abundances. For example, Protoperidimium
species are known to be seasonal (Jacobson, 1987), detected over a
wide range in temperature but many occurring in Spring, which
agrees with the association to high temperature and salinity but
low predator biomass found in our study for the abundance of
some Protoperidinium species.
The accumulation of resting cysts in the sediments, so-called
resting cyst beds, has been cited to explain the onset and
P.A. Dı´az et al. / Harmful Algae 40 (2014) 9–22 21recurrence of Alexandrium blooms (see for e.g. the revision of
Anderson et al., 2012). Cysts of some Alexandrium species are
known to remain viable for up to 100 years (Miyazono et al., 2012),
and their presence is a cause for concern even in the absence of
cells in the water column. However, Alexandrium catenella cysts
were rapidly depleted from the surface sediments in the present
study, and therefore, we got no evidence pointing to a role of
resting cyst beds in the recurrence of blooms in this area. Thus,
other mechanisms likely account for the development and
recurrence of blooms in this area, for example, the entrance of
offshore planktonic populations or cysts. In general, the role of
resting cysts in A. catenella from southern Chile appears to be more
closely related to the dispersion and turnover of genetically
recombined genotypes under optimal environmental conditions.
Support for this hypothesis will require population genetic studies
aimed at establishing the origin of the blooming cells.
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